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Abstract 
Significant improvements in the experimental setup of Micro-Raman (μRS) and Micro-Photoluminescence-
Spectroscopy (μPL) for solar cell characterization are reported. The lateral resolution of doping density mapping with 
μRS is improved to below 200 nm. A highly resolved measurement on an aluminum BSF demonstrates the increase 
in resolution. Furthermore, the characterization of thin silicon layers within the same experimental setup is presented. 
An excitation source with low penetration depth is used to screen out background signal from the substrate. Finally, a 
surface topography mapping technique is implemented to extend μRS and μPL to uneven surfaces. With this 
extension micro cracks in conventionally textured silicon solar cells could be successfully characterized. 
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1. Introduction 
Recently Micro-Raman-Spectroscopy and Micro-Photoluminescence Spectroscopy (μRS, μPL) 
gained significant importance in the characterization of microscopic structures in silicon for solar cells. 
The investigated objects reach from grain boundaries [1] and precipitates [2] to local highly doped 
regions, epitaxial layers and laser induced processes [3]. The parameters under consideration are doping 
density, carrier lifetime, stress and crystallinity. In this paper we discuss improvements in the 
experimental setup of these measurement techniques which result in highest lateral and depth resolution 
possible in optical spectroscopy as well as the extension to uneven surfaces which are often found on 
solar cell wafers. 
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 To increase the lateral and depth resolution a 355 nm UV laser and a 40x lens with a high 
transmittance from the UV to the NIR range with a numerical aperture of NA = 0.60 is used for 
irradiation. The smaller excitation wavelength λ compared to the green laser of 532 nm wavelength used 
up to now leads to a smaller half width of the laser spot on the sample surface. The minimum spot size w 
on the sample surface is described by the relation between numerical aperture NA and the minimum 
irradiated spot size w of the objective: w = λ/(2*NA). The confocal setup increases the spot size limited 
resolution again by a factor of ξʹ and thus a lateral resolution of about 200 nm is expected. This is close 
to the diffraction limit of λ/2. Besides the enhanced lateral resolution, the small penetration depth (about 
10 nm in crystalline silicon) can be exploited to screen out background signal from the underlying 
substrate, e.g. the silicon bulk. This extends the μRS and μPLS for the characterization of thin layers. 
 Furthermore both techniques – by now restricted to planar, polished surfaces – are coupled to a 
chromatic sensor and can now be applied to chemically etched and comparable surfaces. In solar cell 
processing chemical etching of the wafer surfaces is a convenient sample preparation. The surface 
topography is taken into account while recording the Raman or PL signal by mapping the sample height 
with the chromatic sensor in advance. Thus the limiting restriction to planar surfaces which cannot be 
provided in many cases is overcome. Especially the investigation of the evolution of a microscopic region 
of interest, e.g. grain boundaries, metal defects or micro cracks, on a standard silicon wafer during solar 
cell processing becomes possible. 
2. Measurement: Increase of lateral Resolution 
To demonstrate the increase in resolution for the determination of doping density with μRS the 
aluminum back surface field investigated in [4] is remeasured using a UV laser excitation with a 
wavelength of 355 nm. Fig. 1a shows a map of the doping density recorded with the green laser. The red 
dashed line in Fig. 1b represents a line scan indicated with the white arrow in a). The same area was 
scanned with the UV laser with a step size of 130 nm/pixel with low incident laser power (< 1 mW). The 
doping density can be extracted from the Raman peak asymmetry or half width [5] which correlate to the 
hole density, i.e. the dopant density in uncompensated p-type silicon. The black solid line in Fig. 1b 
represents the line scan of the measurement with UV generation. The sharp BSF edge towards the silicon 
bulk (see ECV measurement in Fig. 1b) gives a good measure of the resolution. As the excitation and 
detection profiles of the setup have approximately Gaussian shape the measured BSF edge follows an 
a) b) 
Fig. 1. a) Measurement of the doping density on a cross section cut of an aluminum BSF with μRS with 532 nm generation (as in 
[4]). The red dashed line in b) shows a line scan along the white arrow in a). The black line recorded with 355 nm generation at the 
same spot reveals a significant higher 
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error function. A respective fit to the measurement with the UV excitation reveals a resolution of less than 
200 nm. This crucial increase in spatial resolution compared to the resolution of 0.5 - 1 μm of the former 
setup [5] allows for the investigation of local (e.g. laser induced) emitters which have typically sub-μm 
thicknesses and comparable doping structures. 
3. Measurement: Thin layers 
Besides the smaller laser spot size the UV laser light inherits a low penetration depth of about 10 nm 
in crystalline silicon (c-Si) and even less in amorphous silicon (a-Si). As a direct consequence the incident 
UV laser light is only Raman scattered within a few nm from the sample surface. Examples which 
illustrate the advantage of this shallow scattering volume are shown.  
Raman spectra have been recorded for thin film silicon layers deposited on different substrates: c-Si, 
quartz or c-Si with an additional intermediate 300 nm SiO2. The shape of the Raman spectra recorded 
with the 532 nm excitation on 100 nm a-Si is strongly dependent on the substrate. As for c-Si or SiO2 
substrate the spectra are dominated by the crystalline silicon background, i.e. a strong c-Si peak centered 
around 522 cm-1 (Fig. 2a). Only a-Si layers on quartz substrate can be detected with 532 nm laser light. 
However, the growth deposition behavior of silicon on quartz differs from the growth behavior on silicon 
substrate with the result that the restriction to thin layer characterization on quartz substrate is stringent. 
The use of UV laser excitation overcomes this restriction. The Raman spectra recorded with 355 nm 
excitation shown in Fig. 2a enable us to characterize the thin film crystallinity. In Fig. 2a Raman spectra 
recorded on the same layers are shown. The peaks centered at 480 cm-1 are attributed to  
a) b) 
 
c) Fig. 2. Raman spectra recorded on thin silicon layers: 100 nm a-
Si in (a) and 100 nm μc-Si in (b) on different substrates. The 
small penetration depth allows for the separation of the Raman 
scattered light from the thin film from the substrate background: 
spectrum recorded on 20 nm a-Si layer (c). 
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 503 cm-1 peak 
amorphous silicon [6]. No influence of the underlying material is observed, i.e. the UV laser light is 
completely absorbed by the a-Si layer. In contrast to highly absorbing a-Si, micro crystalline silicon (μc-
Si) layers absorb the incident UV light less efficiently (Fig. 2b). On quartz substrate the peak is centered at 
512 cm-1 and even a slight amorphous contribution is visible indicating micro crystalline silicon at the 
transition point to the amorphous phase [6]. However, the Raman spectra of μc-Si deposited on c-Si is 
influenced by the substrate: the peak is dominated by the c-Si Raman peak, where in the case of an 
intermediate SiO2 layer (300 nm thickness, peak at 450 cm-1) a slight shift of the peak towards lower 
wave numbers caused by the μc-Si layer is seen. 
The minimum layer thickness which still can be characterized (i.e. the Raman signal from the layer is 
not dominated by the substrate signal) depends on the scattering efficiency and the absorption of layer 
and substrate. In Fig. 2c the Raman spectrum recorded on a 20 nm a-Si layer is shown. The a-Si 
contribution still can be extracted by fitting two Lorenzian curves. In the measurement described below 
an a-Si layer of 7 nm was no longer detectable. 
The integration of a UV laser into the confocal setup allows for measurements with low penetration 
depth and high spatial resolution. An example is given by the following sample geometry. Amorphous 
silicon was deposited on a silicon FZ wafer structured with inverted regular pyramids with a base length 
of 20 μm. The a-Si layer is too thin to be detected (7 nm). However, the UV Raman spectra recorded in in 
the valleys of several pyramids (example in Fig. 3b) show a decrease of the c-Si contribution and an 
additional Raman peak centered at about 500 cm-1 which has been attributed either to crystallites of 
diameters lower than 10nm [7], or to a silicon Wurzite phase [8]. A depth scan conducted along the area 
depicted as orange rectangle in Fig. 3a is shown in (c). A depth scan consists of several line scans 
conducted at different distances from the sample surface. By doing so a line scan along the pyramid 
surface can be extracted which inherits perfect focusing conditions (see black dashed line in Fig. 3c). On 
the slopes close to the valleys of the pyramids the contribution of the 500 cm-1 line in the Raman 
spectrum vanishes. This gives us important information about the a-Si growth behavior during the 
a) b) 
c) Fig. 3. (a) Sketch of the measurement area on inverted 
pyramids coated with 7 nm a-Si. The measurement starts 
from the highest elevations of the sample and conducts line 
scans centered at the pyramid valleys in different heights. 
(b) Spectrum observed in some valleys of inverted 
pyramids. (c) Spatially resolved measurement in such a 
valley: yellow shows c-Si contribution, green shows 503 cm-
1 peak contribution. The back dashed line indicates the line 
along the pyramid surface where the sample is in focus 
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deposition in the pyramid valleys in the deposition process: a non-amorphous growth of the deposited 
layer negatively affects the surface passivation capability of the layer. 
The above examples illustrate that it is now possible to characterize thin films irrespective of the 
underlying substrate. For example a-Si deposited on c-Si with a layer thickness of down to 20 nm could 
be detected. Furthermore the focused laser irradiation and the strong lateral confinement of scattered light 
detected allows for the characterization of thin films with μm lateral resolution. 
4. Extension to uneven surfaces 
The confocal setup inherits a very sharp depth of focus. Thus variations of the sample surface height 
of some 100 nm cause the surface to leave the focal plane. However, commercially produced silicon solar 
cells have textured wafer surfaces (see Figure 4a). Besides textured surfaces the high depth of focus 
requires even for microscopically polished samples not to be tilted or bended macroscopically. 
To overcome the restriction of μRS and μPL to planar surfaces the experimental setup was equipped 
with a chromatic sensor which measures the sample height with an accuracy perpendicular to the surface 
of 5 nm within a spot of 7 μm in diameter. By scanning the region of interest with the chromatic sensor a 
surface topography map of the sample height is created. This topography map is then used to retrace the 
sample height while performing a μRS or μPL measurement. As an application, a stress field around 
micro cracks is investigated with μRS. In Figure 4a an incident light image shows a diamond-tip imprint on 
a) b) 
 
c) d)  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Incident light image of a typical textured solar cell wafer (a). The arrows point at micro cracks induced by the nano imprint 
in the center. Stress measurement on a CP etched silicon wafer before (b) and after phosphorous diffusion (c). In (d) the 
measurement after phosphorous diffusion without surface correction is shown. The stress maps (b) to (d) are scaled identically 
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a chemically polished silicon floatzone wafer which induced several micro cracks (see e.g. black arrows 
in Figure 4a). The difference in height between different plateaus is up to 3 μm.  
Figure 4b and c show the stress field measured with μRS [9] before (CP etched wafer) and after cell 
processing, respectively. Compared to the incident light image the cracks lengths can be identified clearly 
by the well-known half circle shaped stress distribution at the crack tip. The indenter imprint induced 
stresses relax due to the high temperature of the phosphorous diffusion step. A measurement without 
refocusing to the surface is shown in Figure 4d. The height differences disturb the stress measurement 
which makes an interpretation of the measured data impossible. 
5. Conclusions 
In this paper we presented fundamental improvements in the experimental setup of Micro Raman and 
Micro PL Spectroscopy by reducing the excitation wavelength to 355 nm and by integrating a chromatic 
distance sensor. These improvements widen the field of possible applications of both techniques and 
result in significant increase of resolution down to the optical diffraction limit. Thus high resolution maps 
of doping structures become feasible. Thin layers can be characterized within the same setup and with the 
same sub micrometer spatial resolution. Furthermore, the surface topography of uneven samples is taken 
into account by refocusing of illumination and detection on the sample surface while scanning the sample. 
This enables the characterization of uneven silicon wafers and consequently the characterization of silicon 
wafers during different steps of solar cell processing. 
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